To determine whether CSF leucine-rich glioma-inactivated 1(LGI1)-IgG titer, index or IgG subclass has prognostic significance, we tested serum and CSF specimens collected concomitantly from 39 seropositive patients. LGI1-IgG index was elevated (>1) in 21 patients (54%), suggesting intrathecal synthesis. Patients with worse outcome at last follow-up (modified Rankin Scale >2) had significantly higher index (median 6.57 vs. 0.5, P = 0.048) compared to those with better outcome. Higher CSF LGI1-IgG4 subclass-specific titer and index correlated with worse outcome (P < 0.005 for both). These data suggest that evidence of intrathecal LGI1-IgG synthesis may correlate with neuronal injury and warrant consideration of aggressive immunotherapy.
Introduction
Autoantibodies targeting the leucine-rich glioma inactivated 1(LGI1) protein, an extracellular component of the voltagegated Kv1 potassium channel-complex (VGKC), have potential to cause neurological autoimmunity with both central and peripheral nervous system manifestations. 1, 2 Most cases are immunotherapy-responsive. [3] [4] [5] Studies have suggested that delayed initiation of therapy, lack of response to initial immunotherapy and presence of relapses correlated with increased morbidity but there is no early serological marker to identify patients who might have a worse outcome and may warrant aggressive immunotherapy. 4, 6 LGI1 autoantibodies are often detectable both in serum and CSF; serum testing is generally more sensitive, with few exceptions reported. [3] [4] [5] Data regarding intrathecal synthesis are lacking for most pathogenic neural autoantibodies. Aquaporin-4-IgG, the effector of neuromyelitis optica spectrum disorders, is detected in serum more readily than in cerebrospinal fluid, 7 but some intrathecal production of aquaporin-4-IgG occurs. 8 In contrast, NMDAR-IgG is detected more readily in the CSF, 9 despite at least some NMDAR-IgG production in peripheral immune responses. 10 Preliminary data by Irani et al. in two patients with LGI1-IgG encephalitis suggest that part of the affinity maturation occurs in the CNS compartment.
11
In our recently published systematic analysis of patients with LGI1-IgG, we observed that some patients with refractory symptoms had high CSF titers of LGI1-IgG. 3 In this report, we describe the correlation between CSF LGI1-IgG levels and index, IgG subclasses and clinical outcome in 39 patients.
Methods

Patients
The Mayo Clinic Institutional Review Board approved this study. We identified 39 patients with concomitant serum and This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
CSF specimens (collected within 7 days of each other). Clinical information was reviewed (electronic records for 12 Mayo Clinic patients; outside records or physician-provided information). Outcomes were calculated using the modified Rankin Scale (mRS) at last follow-up (favorable outcome was defined as mRS ≤ 2). In two cases, the mRS score differed by 1 point and a third review was used for the final score.
Detection and titration of LGI1 IgG
LGI1-IgG was identified by a CLIA-approved clinically validated indirect immunofluorescence assay using HEK293 cells overexpressing recombinant human LGI1 (EUROIMMUN, Lϋbeck Germany). CSF was tested at 1:2.5 dilution, serum at 1:10 and samples were titrated with doubling dilutions to determine positivity endpoint. LGI1-IgG subclasses were identified using subclass-specific secondary antibodies (mouse anti-human IgG1-Fc-specific Alexa Fluor 488-conjugated [Invitrogen]; mouse anti-human IgG2, IgG3, and IgG4-Fc-specific FITC-conjugated [Southern Biotech]).
LGI1-IgG-specific CSF index calculation CSF index for LGI1-IgG and subclasses as compared to serum was calculated according to the Link formula, 12 modified for specific antibodies 13, 14 :
LGI1 IgG titer in CSF/ LGI1 lgG titer in serum CSF Albumin (ng/mL)/ serum Albumin (ng/mL) Values exceeding 1, support intrathecal synthesis of designated IgG.
13,14
Statistical analysis
Data were summarized with frequencies and percentages or medians and ranges, as appropriate. Continuous measures (age, LGI1-IgG index etc) were compared between patients with favorable versus unfavorable outcomes using Wilcoxon rank-sum tests. Dichotomous variables (sex, LG1-IgG index>1, etc) were compared with Fisher's exact tests. Receiver-operating characteristic (ROC) curve analysis was used to identify a cut-off to discriminate patients with favorable or unfavorable outcomes based on the LG1-IgG and LGI1-IgG4 subclass-specific index; sensitivity and specificity were reported. P-values < 0.05 were considered statistically significant. All analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC).
Results
Clinical findings
Demographics, clinical presentation, and ancillary testing findings are summarized in Table 1 . Among 39 patients, 36 (92%) had a central nervous system presentation (seizures, spells, encephalopathy, cognitive impairment), 2 (5%) had a solely peripheral nervous system presentation (neuropathy, pain with or without autonomic manifestations, peripheral nerve hyperexcitability), and 1 (3%) had both. Thirty patients were treated with steroids and 17 with IVIg (10 with both) with median time to treatment of 4 months (range 0.6-24). Median follow-up period did not differ significantly for groups with favorable and unfavorable outcomes (28 months [range 4-85] vs. 16 months [range 6-46], P = 0.5). Patients with a worse outcome (mRS > 2) were more frequently treated with both IVIg and steroids (56% vs. 17% of patients, P = 0.04) suggesting an escalating treatment choice by the treating physician. Second-line immunotherapies as maintenance treatments included mycophenolate mofetil (11), rituximab (5), azathioprine (2), methotrexate (2), and cyclophosphamide (1).
Serological and CSF findings
Twenty-one patients (54%) had elevated LGI1-IgG-specific CSF index (>1), supportive of intrathecal synthesis. The two patients with isolated peripheral presentation had low LGI1-IgG index. Of the 23 patients with available remaining sera all had LGI1-IgG4 subclass specificities (12 had LGI1-IgG4 in the CSF; for the rest no subclass specificities were identified, presumably due to low titer and assay-detection limitations). Only six had co-existing LGI1-IgG1 (none detected in the CSF). No LGI1-IgG2 and LGI1-IgG3 subclasses were detected in the patients' samples. There was no difference in age, sex, relapse rate, and MRI findings between patients with serum LGI1-IgG4 detected alone versus in coexistence with LGI1-IgG1. 
Outcome
At last follow-up, 30 patients had favorable outcome (77%) which is similar to what has been reported previously. 3, 4 Eight of nine patients with mRS > 2 had evidence of intrathecal synthesis of LGI1-IgG (index >1) compared to 13/30 patients with mRS≤2 (P = 0.02). The difference was still significant when continuous LGI1-IgG index values were compared between patients with favorable and unfavorable outcome (median 0.5 vs. 6.57, P = 0.048) (Fig. 1) Among patients who did not receive IVIg, there was no significant association (but only two had an unfavorable outcome). Among those who received IVIg, the association of LGI1-IgG index and outcome was still significant (7/7 patients with unfavorable outcome had index>1 as compared to 5/10 with favorable outcome, P = 0.04).
In a univariate analysis (not enough patients to perform a multivariate analysis), higher CSF LGI1-IgG4 titers and LGI1-IgG4 index were associated with worse outcome (Fig. 2) . A cut-off for IgG4 index at ≥3.4 yielded 100% sensitivity for unfavorable outcome and 88% specificity (15/17 patients with favorable outcome had an index < 3.4).
Discussion
This study suggests that higher LGI1-IgG-specific CSF index, indicative of intrathecal antibody synthesis, correlates with worse outcome, irrespective of age, initial presentation, treatment modalities, or time to treatment. As suggested for antineuronal-nuclear antibody 1 (ANNA1/ anti-Hu)-related autoimmunity, no patient with an isolated peripheral nervous system presentation had evidence of intrathecal synthesis. 15 Intrathecal synthesis reflects the maturation of antigen-specific plasmablasts/plasma cells residing in the CNS. Our observation that patients whose central manifestations are not accompanied by evidence of intrathecal synthesis have better outcomes, suggests that treatments targeting peripheral B-cell populations are efficient in these cases. However, the unfavorable outcome of patients with evidence of intrathecal LGI1-IgG synthesis, is plausibly explained by the limited accessibility of these treatments across a relatively intact blood-brain barrier. 3 We confirmed the presence of IgG4 as the major subclass of LGI1-IgG. Higher CSF IgG4 subclass-specific titers in the CSF and index strongly correlated with worse outcome. While it has been suggested by other groups, that LGI1-seropositive patients with faciobrachial dystonic seizures associated with cognitive decline have a higher proportion of LGI1-IgG1 subclass autoantibodies in comparison to the patients without cognitive decline, we did not have enough LGI1-IgG1 seropositive patients in our cohort to confirm this finding. 16 Limitations of our study include the relatively small number of patients, the use of mRS for outcome calculations, the broad range of duration of follow-up, and the retrospective design. Future studies are required to positively identify the existence of uniquely CNSresident LGI1-specific B-cell populations to account for intrathecal production of LGI1-IgG-specific autoantibodies.
LGI1-IgG and LGI1-IgG4 subclass-specific CSF indices warrant further evaluation as a prognostic factor in LGI1 autoimmunity. A higher index may indicate the need for more aggressive initial immunotherapy. In addition, the presence of LGI1-specific plasmablasts/plasma cells in the CSF would be a reason to consider intrathecal delivery of anti-CD20-specific, or anti-CD19-specific therapeutic monoclonal antibodies as targeted immunotherapy in selected refractory cases.
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